Crystalline WO 3 /Ti-doped WO 3 bi-layer nanopore arrays were constructed by the template synthesis of a WO 3 nanopore layer modified by a magnetron sputtering of an amorphous Ti-doped/WO 3 layer. The obtained bi-layer nanopore array shows a remarkable electrochromic performance with large dual-band optical modulation in both visible (VIS) and near infrared (NIR) regions (optical modulation of over 70% in the wavelength range from 600 to 1600 nm) and the fast response speed (coloring for 3.4 s and bleaching for 6.6 s). In addition, the bi-layer WO 3 /Ti-doped WO 3 nanopore array also present superior energy-storage properties (areal capacitance of 44.0 mF cm −2 and good rate capability), better than that of titanium-free thin films. The special bifunctional characteristics of electrochromism and pseudocapacitance can be ascribed to the large specific surface area provided by the architectural design, rich ion channels in the amorphous layer as well as proper titanium doping, which bestows the bi-layer nanopore array a great potential in clean energy applications.
Introduction
Electrochromic materials have reversible optical properties such as transmittance, reflection or absorbance driven by a small external voltage, which promise energy-saving applications for efficient utilization of solar energy [1] [2] [3] . Optical modulation of electrochromic materials can be realized by inserting/extracting ions and electrons in the applied electric field which is the same as the mechanism of pseudocapacitors [4, 5] . Meanwhile, pseudocapacitors have advantages of the high power density, fast charge/discharge speed and long cycle life, so it is a promising candidate for energy-storage applications [6] [7] [8] [9] . From the point of view of the working mechanism, both electrochromic devices and pseudocapacitors work based on charge insertion/extraction or reversible redox reactions, which makes it possible and promising to integrate these two functions on a single active electrode to construct bifunctional nanodevices. Tungsten trioxide (WO 3 ), as a typical electrochromic material, has been widely investigated. Its capacitance, however, remains low because the ionic diffusion coefficient is undesirable and the diffusion path is long [10] . Doping with transitional-metal ions is a commonly employed method to modify functional materials [11] . Particularly, the oxidation ability of doped transition metal ions is lower than that of host materials, which is beneficial to reaction kinetics of energy storage [12] . Due to the confinement of electronic states and the change of electronic or ionic properties of materials, doping WO 3 -based nanostructures may lead to new phenomena that are not found in bulk materials [13] . For example, Mu et al. [14] studied the effect of Nb doping on the electrochromic properties of WO 3 nanowires, and Nb-doped nanowires show high photocatalytic activity. Zhou et al. [15] prepared Mo-doped WO 3 nanowire arrays with the large optical modulation, high coloration efficiency, fast switching speed and good specific capacity. However, there are few reports on the electrochromic and pseudocapacitance performance of Ti-doped/WO 3 films. In this work, a bi-layer WO 3 / Ti-doped WO 3 nanopore array composed of an amorphous Ti-doped WO 3 layer was designed by means of potentiostatic electrodeposition and reactive direct current (DC) magnetron sputtering. We adopt a DC magnetron sputtering technique to prepare the Ti-doped WO 3 layer which promotes the synergetic effect of WO 3 and Ti. The designed bi-layer nanopore array structure can integrate the advantages of the nanopore array and loose amorphous components.
Experimental

WO 3 nanopore array
We first prepared a single-layer polystyrene spherical (PS) template on the fluorine-doped tin oxide (FTO) coated glass substrate. Details of the preparation method of the single-layer PS spherical template can be found in the paper by Zhang et al. [16] . Na 2 WO 4 powder was dissolved in a 0.4 wt% H 2 O 2 solution, and the clarified 12.5 mmol L −1 H 2 WO 4 solution was obtained by a magnetic agitation. The pH value of the mixed solution could be adjusted to 1.0 by perchloric acid. The FTO conductive glass with single layer PS spheres, the Pt wire and Ag/AgCl electrode were used as the working electrode, counter electrode and reference electrode, respectively. The potentiostatic electrodeposition process was conducted at the potential of − 0.7 V for 600 s. The sample was then annealed at 300 °C for 2 h in an annealing furnace at a heating rate of 2.5 °C min −1 . Finally, the WO 3 nanopore array was obtained on the FTO glass.
Bi-layer WO 3 /Ti-doped WO 3 nanopore array
The Ti-doped WO 3 layer was prepared by reactive DC magnetron sputtering, using the W/Ti target (the molar ratio of W/Ti is 9) with a purity of 99.99%. The FTO glass loaded with crystalline WO 3 nanopore array was served as the substrate. The oxygen-argon flow ratio and sputtering power are kept at 90% and 50 W, respectively. The bi-layer WO 3 /Ti-doped WO 3 nanopore array was obtained by sputtering under 2.2 Pa pressure for 100 min. Under the condition of keeping the sputtering parameters unchanged, the pristine Ti-doped WO 3 film deposited on the bare FTO conducting glass was also obtained (from here on the sample is referred to as sputtered Ti-doped WO 3 film).
Characterization
The film samples were characterized by field emission scanning electron microscope (FESEM, SU8020), Confocal Micro-Raman spectrometer (Horiba, LabRAM HR Evolution), X-ray diffractometer (XRD, Cu Kα radiation, λ = 0.15418 nm, Rigaku D/MAX2500V) and X-ray photoelectron spectrometer (Thermo ESCALAB 250). Electrochemical workstation (CHI660E) and ultraviolet-visible-near infrared (NIR) spectrophotometer (UV-3600) were used for electrochromic and capacitive performance tests. All the electrochemical performance data of film samples were tested in a three-electrode electrochemical structure with 1 mol L −1 LiClO 4 /PC (propylene carbonate) solution as electrolyte. The three-electrode structure (FTO conducting glass with a 3 cm × 0.5 cm prepared sample, Pt wire and Ag/AgCl electrode as working electrode, counter electrode and reference electrode, respectively) was vertically placed in the optical measurement. The step voltage of the film is set between − 1.0 V and 1.0 V at a time step of 20 s, and the dynamic modulation data of the film are recorded at the wavelength of 633 nm. Figure 1a shows a low magnified FESEM image of the large area WO 3 nanopore layer obtained by potentiostatic electrodeposition and annealing, which shows the overall morphology of ordered uniform nanopore arrays. The high magnification image of the crystalline WO 3 nanopore array in Fig. 1b shows that the crystalline nanopores are closely arranged, with an average diameter of ~ 450 nm, distributed in the deposition area. After sputtering modification, a bilayer WO 3 /Ti-doped WO 3 nanopore array is obtained as shown in Fig. 1c . The close view of the bi-layer WO 3 /Tidoped WO 3 nanopore array (Fig. 1d ) shows a rough surface morphology, indicating that the crystalline nanopores followed by sputtering have a high specific surface area, which is beneficial to electrochemical reaction. For comparison, the morphology of a pristine sputtered Ti-doped WO 3 film is shown in Fig. 1e , f, suggesting the compact structure of the film.
Results and discussion
FESEM images
XPS survey
The X-ray photoelectron spectroscopy (XPS) measurement was carried out to determine the composition and surface chemical states of the film and confirm the successful doping of Ti element. Figure 2a shows the survey spectrum of the bi-layer WO 3 /Ti-doped WO 3 nanopores array, evidently displaying the signal of W, Ti and O. Figure 2b shows the W 4f spectrum of the bi-layer WO 3 /Ti-doped WO 3 nanopore array and the two peaks presented at binding energies of 35.8 eV and 37.9 eV can be attributed to W 4f 7/2 and W 4f 5/2 core level spectra of WO 3 . It demonstrates the exclusive existence of the W in the 6-valent in the nanopores array [17] . Figure 2c shows the Ti 2p spectrum and peaks located at 459.1 eV and 464.9 eV are attributed to spin-orbit splitting of the Ti 2p components (Ti 2p 3/2 and Ti 2p 1/2 ), respectively, which is in good agreement with those of titanium (IV) dioxide powder and demonstrates that titanium in the bi-layer WO 3 /Ti-doped WO 3 nanopore array is present in the + 4 oxidization state [18] . The O 1s core level spectrum is also shown in Fig. 2d . Table 1 shows the atomic ratio of W 4f, Ti 2p and O 1s of the bi-layer WO 3 /Ti-doped WO 3 nanopore array characterized by XPS. Based on the XPS results, it can be proved that Ti was successfully doped by magnetron sputtering. the sputtered Ti-doped WO 3 film as shown in the black dashed line, there are no other characteristic peaks except diffraction peaks of the FTO conducting glass substrate, implying amorphous nature of the film which can provide large capacity for small ions. As for the WO 3 nanopore array, diffraction peaks can be found at ~ 23.1°, 23.6° and 24.3°, respectively, which can be indexed as the triclinic WO 3 phase (JCPDS no. 83-0947) [19] . According to XRD patterns in Fig. 3a , it is proved that the obtained WO 3 nanopore array is the triclinic phase, while the deposited Ti-doped WO 3 film is amorphous. The crystalline structure of WO 3 nanopores provides a solid template for nanostructure construction. Since both the WO 3 nanopore array and sputtered Ti-doped WO 3 film possess their own characteristic bands in Raman spectra, Fig. 3b shows Raman spectra of the WO 3 nanopore array, sputtered Ti-doped WO 3 film and bi-layer WO 3 /Ti-doped WO 3 nanopore array. It can be seen from the Raman spectrum of WO 3 nanopores array that both the bands correspond to the O-W-O bending mode in 272 and 328 cm −1 , respectively. And the bands at 717 and 807 cm −1 can be ascribed to the O-W-O stretching mode which is in good agreement with the triclinic WO 3 nanopore array proved by XRD [20] . There is no distinct difference between the Raman spectrum of the bi-layer WO 3 /Ti-doped WO 3 nanopore array and sputtered Ti-doped WO 3 film, because the fact that Raman signals of the WO 3 nanopore array is screened by the sputtered Ti-doped WO 3 layer. The weak shoulder in the Raman spectrum of bi-layer WO 3 /Ti-doped WO 3 nanopore array at ~ 250 cm −1 is considered to come from W-W vibrations and O-W-O bending modes of bridging oxygen [21] . The peak of the bi-layer WO 3 /Ti-doped WO 3 nanopore array at 765 cm −1 is due to W-O bands which can trace its origin back to the two strong peaks at 717 and 807 cm −1 in the Raman spectrum of crystalline WO 3 [22] . The peak located at 950 cm −1 belongs to W=O terminal stretching which is commonly seen in the low temperature deposited 
XRD patterns and Raman spectra
Electrochromic properties and capacitive performances
Transmittance spectra of the WO 3 /Ti-doped WO 3 bi-layer nanopore array as a function of applied potentials (± 1.0 V) are shown in Fig. 4a . The color of the bi-layer array can change from transparent (+ 1.0 V) to dark blue (− 1.0 V). As demonstrated in Fig. 4a , the bi-layer array shows a contrast of over 70% in the wavelength range from 600 to 1600 nm presenting a better dual-band optical modulation capacity than those of the WO 3 nanopore array, sputtered WO 3 film and bi-layer WO 3 /WO 3 nanopore array (Fig. 5a-c) . With respect to the switching kinetics, the bi-layer nanopore array has a faster response speed than that of the pristine sputtered WO 3 film. Dynamic optical transmittance spectra of samples are shown in Fig. 4b . Corresponding electrochromic performance data are summarized in Table 2 . It can be seen that the electrochromic performance is improved by constructing a bi-layer structure composed of the WO 3 nanopore array and amorphous sputtering WO 3 layer, which is attributed to the large specific surface area provided by the nanopore array structure and rich ion channels in the amorphous layer. In addition, optical modulation in the NIR region can also be improved by proper titanium doping. Digital photographs for bleached and colored bi-layer WO 3 /Ti-doped WO 3 nanopore arrays are shown in Fig. 4e , f, respectively, and Video S1 demonstrates a highly modulated coloration and fast bleaching process of the WO 3 /Ti-doped WO 3 bilayer nanopore array. Capacitive performances of the thin film samples were also evaluated. Figure 6a shows the CV spectrum of the bi-layer WO 3 /Ti-doped WO 3 nanopore array conducted between − 1.0 and 1.0 V at a scanning rate of 5 mV s −1 , which presents the pseudocapacitive behavior resulting from the redox reactions. The galvanostatic charge/discharge (GCD) curves under different current densities in Fig. 6b are almost symmetrical, which show that the bi-layer WO 3 / Ti-doped WO 3 nanopore array has good charge/discharge reversibility [24] . The calculated areal capacitance data as a function of different current densities are also shown in Fig. 6c . When the current density is 0.14 mA cm −2 , the highest areal capacitance reaches 44.0 mF cm −2 and remains 65.2% when the current density increases to 1.12 mA cm −2 . It indicates that the bi-layer WO 3 /Ti-doped WO 3 nanopore array has a good rate capability. Figure 6d shows the in situ transmittance of the bi-layer WO 3 /Ti-doped WO 3 nanopore array at 633 nm and corresponding GCD curves at the current density of 0.14 mA cm −2 in the voltage ranging from 0.4 to − 0.9 V. When the bi-layer WO 3 /Ti-doped WO 3 nanopore Fig. 5 Transmittance spectra of a WO 3 nanopores array, b sputtered WO 3 film and c bi-layer WO 3 /WO 3 nanopore array under different applied potentials array electrode is charged to − 0.9 V, the transmission falls down to 2.0% (the color changes into dark blue) and reaches the fully charged state. In the reverse process, when the discharge process is finished at 0.4 V, the transmission of the bi-layer WO 3 /Ti-doped WO 3 nanopore array increases again to 70% (the color becomes transparency). The experimental results show that the color change of the electrode can facilely monitor the energy storage level of the electrode.
The corresponding capacitive performance spectra of the bi-layer WO 3 nanopore array are shown in Fig. 7 for comparison. Compared with the bi-layer WO 3 /WO 3 nanopore array without Ti doping, the areal capacitance is increased by 42.9% (from 30.8 to 44.0 mF cm −2 ) and the rate capability is increased by 4.7% (from 62.3 to 65.2%). The change of electronic or ionic properties of materials led by proper Ti-doping may be responsible for the improvement of the 3 nanopore array at different current densities; c areal capacitance of the bi-layer WO 3 /Ti-doped WO 3 nanopore array as a function of the current den-sity; d galvanostatic charge/discharge curves of the bi-layer WO 3 /Tidoped WO 3 nanopore array at the current density of 0.14 mA cm −2 in the voltage ranging from 0.4 V to − 0.9 V and the corresponding in situ optical response at the wavelength of 633 nm capacitive performance, which could shorten the ion diffusion length and greatly facilitate the ion transfer.
Conclusion
Combining potentiostatic electrodeposition with DC magnetron sputtering techniques, the bi-layer WO 3 /Ti-doped WO 3 nanopore array film was successfully synthesized. Due to the synergistic effect of large surface provided by the WO 3 nanopore array and large capacity provided by the amorphous sputtering layer, the unique nanostructure can obtain the high dual-band optical modulation and fast response speed. The capacitive performance is also greatly improved by proper Ti doping. The development of the bi-functional device may develop its potential applications in energy saving and energy storage fields. 
